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464a Tuesday, February 5, 2013In response to free polyunsaturated fatty acids (PUFAs), voltage-gated K chan-
nels open at more negative membrane voltages. This opening could reduce cel-
lular excitability and be beneficial for patients with epilepsy and cardiac
arrhythmia. However, under normal physiological conditions a large amount
of PUFA binds to albumin, the most abundant protein in blood plasma
(~640 mM), also present in the cerebrospinal fluid (~3 mM). We therefore
sought to examine to which extent albumin interfered with the action of doco-
sahexaenoic acid (DHA; the most common n-3 PUFA in the brain) on a volt-
age-gated K channel. We expressed a mutated Shaker K channel,
supersensitive to DHA, in Xenopus oocytes and investigated the K current us-
ing the two-electrode voltage-clamp technique. 21 mM DHA, in the absence of
albumin, shifted the voltage dependence of the K channel conductance
15 mV along the voltage axis. 0.6 mM albumin reduced the DHA-induced
shift by 50%. Thus, in cerebrospinal fluid a significant amount of DHA is ex-
pected to be free - not bound to albumin - and possible to directly interact with
ion channels. Calculations suggested that each albumin molecule can bind up to
seven DHA molecules.
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Negatively charged polyunsaturated fatty acids (PUFAs) modulate the voltage
dependence of several voltage-gated ion channels. The PUFAs are probably
incorporated into the cell membrane close to the channel’s voltage sensors
wherein an electrostatic modulation occurs. The interaction site does not over-
lap with other known binding sites for toxins and drugs. For voltage-gated K
channels, the PUFAs increase the open probability at negative membrane volt-
ages thereby being potent modifiers of cellular excitability. However, in spite
of the desirable effect of the PUFAs, they are probably no good pharmaceu-
tical candidates due to their biological promiscuity. To find potent, and more
specific small-molecule compounds, more knowledge about the modulation is
needed. Our goal was to construct a K channel with very high sensitivity to
PUFAs. We expressed the ShakerIR K channel in Xenopus oocytes and stud-
ied the ion currents with a two-electrode voltage clamp technique. Positive
charges at the extracellular end of the voltage sensor S4 are expected to po-
tentiate the effect of negatively charged PUFA molecules. Therefore we sys-
tematically introduced arginines, one by one, at long stretch of S4. The
mutations with the largest effects were then combined in different ways.
The most effective mutation, with respect to PUFA-induced shifts of the chan-
nel’s voltage dependence, contained two extra arginines outside the positive
charges of the wild-type S4. Introducing these two positively charged residues
in combination with an altered pH from 7.4 to 9.0 increased the current about
100 times at negative voltages. This supersensitive channel can be instrumen-
tal in the search for medical drugs against hyperexcitability diseases such as
cardiac arrhythmia, epilepsy, and pain.
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Sphingomyelinase D (SMase D), a phospholipase present in the venom of Lox-
oceles spiders and also expressed by certain pathogenic bacteria, cleaves the
choline headgroup from sphingomyelin. In Xenopus oocytes, SMase D treat-
ment enables voltage sensors to mobilize at more negative potentials, conse-
quently activating voltage-gated ion channels at more hyperpolarized
voltages. If this effect is not an idiosyncrasy of the sphingomyelin-rich oocyte
membrane or a function of aberrant membrane trafficking of over-expressed
channels, SMase D may permit control of voltage-gated ion channel activity
in non-excitable cells (e.g. lymphocytes). Hence, we tested the effect of SMase
D on voltage-gated potassium (Kv) channels in mammalian cells. SMase D
treatment left-shifts the conductance-voltage (G-V) relation of Kv channels
heterologously expressed in CHO cells, resembling its effect in oocytes. Fur-
thermore, SMase D also shifts the G-V curve of endogenously expressed Jurkat
T-lymphocyte Kv1.3 channels in the hyperpolarized direction, activating chan-
nels at hyperpolarized potentials where they otherwise remain largely deacti-
vated. Conceivably, modification of membrane lipids via either
a physiological or pathological means can control or alter activity of voltage-
gated ion channels.2375-Pos Board B394
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Phosphatidylinositol-(4,5)-bisphosphate (PIP2) is a phospholipid of the plasma
membrane that has been shown to be a key regulator of several ion channels.
Functional studies and more recently structural studies of Kir channels have re-
vealed the major impact of PIP2 on the open state stabilization. A similar effect
of PIP2 on the delayed rectifiers Kv7.1 and Kv11.1, two voltage-gated K
þ chan-
nels, has been suggested, but the molecular mechanism remains elusive. By
combining giant-patch ionic and gating current recordings in COS-7 cells,
and voltage-clamp fluorimetry in Xenopus Oocytes, both heterologously ex-
pressing the voltage-dependent Shaker channel, we show that PIP2 exerts (1)
a gain-of-function effect on the maximal current amplitude, consistent with
a stabilization of the open state and (2) a loss-of-function effect by positive-
shifting the activation voltage dependence, most likely through a direct effect
on the voltage sensor movement, as illustrated by Molecular Dynamics
simulations.
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Potassium channels play a pivotal role in the modulation of macrophage phys-
iology. Blockade of voltage dependent potassium channels (Kv) channels by
specific antagonists decreases macrophage cytokine production and inhibits
proliferation. In the presence of aspirin, acetylated COX-2 loses activity re-
quired to form prostaglandin but maintains oxygenase activity to produce
15R-HETE from arachidonate. This intermediate product is transformed via
5-LOX into epimeric lipoxins, termed 15-epi-lipoxins (e-LXA4). Kv channels
have been proposed as anti-inflammatory targets. Therefore, we studied the ef-
fects of e-LXA4 on early signaling and on Kv and inward rectifier potassium
channels (Kir) in bone marrow-derived macrophages (BMDM). Experiments
were performed in BMDM cells and electrophysiological recordings were per-
formed by the whole-cell patch-clamp technique. Treatment of BMDM with
e-LXA4 inhibited LPS-dependent activation of NF-kB and IKKb activity, at
the same time that protected against LPS activation-dependent apoptosis. In
addition, acute treatment of LPS-stimulated BMDM cells with e-LXA4 resulted
in a decrease of Kv currents, compatible with attenuation of the inflammatory
response. More importantly, long-term treatment of LPS-stimulated BMDM
with e-LXA4 significantly reverted LPS effects on Kv and Kir currents. These
effects were mediated, at least in part, via the lipoxin receptor (ALX), since
were partially reverted in the presence of a selective ALX receptor antagonist.
We provide evidence for a new mechanism by which e-LXA4 contributes to in-
flammation resolution consisting in the reversion of LPS effects on Kv and Kir
currents in macrophages.
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A growing number of studies show that different types of ion channels are reg-
ulated by the level of membrane cholesterol and localize in caveolae. It has
been proposed that cholesterol-induced regulation of ion channels might be at-
tributed to partitioning into caveolae and association with caveolin-1 (Cav-1).
We tested, therefore, whether Cav-1 is required for cholesterol sensitivity of
Kir2.1 channels. Our observations show that Cav-1 co-precipitates with
Kir2.1 channels and that co-expression of Kir2 channels with Cav-1 in
HEK293 cells, a cell line with very low levels of endogenous caveolin, results
in suppression of Kir2 activity indicating that Cav-1 is a negative regulator of
Kir2 function. These observations are confirmed by comparing Kir currents in
Tuesday, February 5, 2013 465aBMDMs isolated from Cav1-/- and WT animals. However, in spite of low cav-
eolin level in HEK293 cells, Kir2.1 expressed in HEK293 cells maintain their
cholesterol sensitivity. Furthermore, we also show that Kir currents in Bone-
Marrow Derived Macrophages (BMDMs) isolated from Cav1-/- knockout
mice are also cholesterol sensitive. Thus, these studies indicate that caveolin-
1 and/or intact caveolae are not required for cholesterol sensitivity of Kir chan-
nels. Moreover, a single point mutation of Kir2.1, L222I that abrogates the sen-
sitivity of the channels to cholesterol also abolishes their sensitivity to Cav-1
suggesting that the two modulators regulate Kir2.1 channels via a common
mechanism.
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Matrix metalloproteases (MMPs) are endopeptidases that regulate diverse bio-
logical processes. They are synthesized as zymogens and become active after
removal of their prodomains. Much is known about the metalloprotease activity
of these enzymes, but non-canonical functions are poorly defined, and functions
of the prodomains have been largely ignored. Here we describe a novel
metalloprotease-independent, channel modulating function for the pro domain
of MMP23 (MMP23-PD). Whole-cell patch clamping and confocal microscopy
coupled with deletion analysis demonstrate that MMP23-PD selectively sup-
presses the voltage-gated potassium channel KV1.3, but not the closely related
KV1.2 channel, by trapping the channel intracellularly. Studies with KV1.2-
Kv1.3 chimeras suggest that MMP23-PD’s channel trapping function requires
the presence of Kv1.3’s pore domain. NMR studies of MMP23-PD reveal a sin-
gle, kinked trans membrane a-helix, joined by a short linker to a juxta-
membrane a-helix, which is associated with the surface of the membrane
and protected from exchange with the solvent. The topological similarity of
MMP23-PD to KCNE proteins that co assemble with and modulate KV chan-
nels suggests a shared mechanism of channel modulation. MMP23 and KV1.3
expression is overlapping and enhanced in colorectal cancers where the inter-
action of the two proteins could affect cell function.
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Voltage-gated sodium (Nav) and potassium (Kv) channels are key components
of neuronal electrical excitability. Here we report that Navb1, an integral sub-
unit of Nav channels, associates with and modulates the biophysical properties
of the Kv1 and Kv7 channels, in an isoform-specific manner, but not those of
the Kv3 channels. Distinct domains of Navb1 modulate specific biophysical
properties of different Kv channels. Studies with channel chimeras demonstrate
that Navb1-mediated changes in activation kinetics and voltage-dependence of
activation require interaction of Navb1 with the channel’s voltage-sensing do-
main, while changes in inactivation and deactivation require interaction with
the channel’s pore domain. A molecular model based on docking studies shows
Navb1 lying in the crevice between the voltage-sensing and pore domains of
Kv channels, making significant contacts with the S1 and S5 segments, and
the external loop making significant contacts with outer loops of at least two
monomers in the channel. Cross-modulation of Nav and Kv channels by
Navb1 may promote diversity and flexibility in the overall control of cellular
excitability and signaling.
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The voltage-gated Kv1.3 potassium channel plays a key role in the activation of
T lymphocytes by maintaining a negative membrane potential. By blocking
these channels the proliferation of T cells can be inhibited. Anuroctoxin
(AnTX), a 35-amino-acid peptide isolated and characterized previously from
the venom of the scorpion Anuroctonus phaiodactylus, blocks Kv1.3 with
high affinity (Kd = 0.7 nM). Although with lower affinity, the toxin blocks an-
other Kþchannel, Kv1.2 (Kd = 6 nM). The aim of the current experiments wasto improve the selectivity of AnTx for Kv1.3 by point mutations strategically
designed based on sequence and affinity analysis of other Kþ channel blocker
toxins. Wild-type and mutant AnTX variants were produced by solid-phase
synthesis. Whole-cell patch-clamp was used to measure hKv1.3 hKv1.1,
hKv1.2 and hIKCa1 currents. The effect of synthetic wild-type anuroctoxin
was similar to that of the natural toxin (Kv1.3: Kd = 0.3 nM and Kv1.2: Kd
= 5.3 nM). AnTx F32T practically lost its affinity for Kv1.2 but also showed
a slight decrease in affinity for Kv1.3 (Kd = 7.5 nM). The affinity of AnTx
N17A for Kv1.3 did not change significantly (Kd = 0.9 nM) and a slight im-
provement in selectivity could be observed (Kv1.2: Kd = 18.9 nM). Combining
the two mutations in one toxin we constructed the mutant N17A,F32T where
the advantageous effect of both mutations could be detected. The
N17A,F32T mutant is highly selective (no effect on Kv1.2 at 100 nM) and
a high affinity blocker of Kv1.3 (Kd = 0.6 nM). In summary, with targeted mu-
tations we designed and produced a selective and high affinity blocker of
Kv1.3. Our results provide the foundation for the possibility of the production
and future therapeutic application of additional, even more selective toxins.
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We previously showed that Kv3.4 channels underlie most of the high-voltage
activated Kþ current (IKHV) in dorsal root ganglion (DRG) nociceptors and
elimination of Kv3.4 N-type inactivation by protein kinase C-dependent phos-
phorylation enhances the channel’s ability to repolarize action potentials (APs)
(Ritter et al. 2012 J Physiol 590:145-61). This function is important as reduc-
tion of Kv3.4 channel expression is found in diverse models of neuropathic
pain. We hypothesize that phosphorylated Kv3.4 channels underlie an anti-
nociceptive homeostatic mechanism in nociceptors that reduces downstream
Caþþ signaling and down-regulation of Kv3.4 channel expression destroys
this putative homeostatic mechanism, contributing to chronic pain. To test
this hypothesis, we investigated a spinal cord injury (SCI) rat model of neuro-
pathic pain in which a C5 hemi-contusion induces bilateral forepaw thermal hy-
peralgesia and mechanical allodynia 2 weeks post injury. In the contralateral
SCI DRG, the peak IKHV is reduced by 55% and the time constant of inactiva-
tion (Taui) increases by 2-fold relative to laminectomy controls. Furthermore,
while 85% of laminectomy nocicpetors show a fast inactivating Kv3.4 current,
the SCI phenotypes fall into three categories: no current (25%), substantial sus-
tained current (46%) or slow inactivation (29%, Taui>2 S.D. of controls). This
suggests that Kv3.4 channels are phosphorylated and down-regulated in SCI.
Confirming the impact of these changes on AP firing, AP-clamp experiments
in SCI nociceptors show altered currents compared to controls. Interestingly,
Kv3.4 mRNA splicing is altered in SCI DRG, which might alter the Kv3.4
channels’ response to injury. We propose that Kv3.4 channels, their modulation
by PKC and regulation of splicing are therapeutic targets in neuropathic pain.
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Fully assembled voltage-gated potassium (Kv) channel are tetramers of a-sub-
units. The silent (KvS) channel subunits (Kv5-9) do not form functional homo-
tetramers due to retention in the endoplasmic reticulum (ER). This ER retention
is relieved by assembly with Kv2 subunits generating functional Kv2/KvS het-
erotetramers. For the Kv1-4 subfamilies, the N-terminal T1 domain determines
the subfamily specific tetramerization by preventing interactions between sub-
units that belong to different subfamilies. However, yeast-two-hybrid experi-
ments showed an interaction between the N-termini of Kv6.4 and both Kv2.1
and Kv3.1. We demonstrate here that the subfamily specific Kv2.1/Kv6.4 het-
erotetramerization is determined by additional C-terminal interactions. Fo¨rster
Resonance Energy Transfer (FRET) and co-immunoprecipitation (co-IP) using
N- and C-terminal Kv6.4 and Kv3.1 fragments as well as N- and C-terminal
truncated Kv6.4 and Kv3.1 subunits indicated that both the Kv6.4 N-terminus
and S1-S6 segments interact with the corresponding Kv3.1 segments. However,
these interactions did not lead to functional Kv3.1/Kv6.4 heterotetramers since
co-expression of Kv6.4 with Kv3.1 did not affect the Kv6.4 localization nor the
biophysical Kv3.1 properties, and no interaction between Kv3.1 and Kv6.4
